ABSTRACT Zinc oxide electrodes modified with an anion-exchange ionomer (AEI) are fabricated to suppress the dendrite formation of metallic zinc deposition. Charge-discharge measurements show that the discharge capacities and efficiencies of AEI-modified ZnO electrodes are superior to those of bare ZnO electrodes. These improvements are explained by the selective ion permeation through the AEI films. In addition, we demonstrate that the AEI-modified ZnO electrodes work well as a rechargeable negative electrode in an alkaline solution which contains no ZnO additive.
Introduction
Rechargeable metal-air batteries have attracted much attention because of their hypothetical large capacities as compared with the capacities of the present Ni-MH batteries and lithium-ion batteries. 1 Among these next-generation metal-air batteries, zinc electrodes are expected as a promising negative electrode, since zinc electrodes have some features preferable as a rechargeable electrode material. For instance, from the viewpoint of material resources, zinc is an abundant and low-toxic element. Furthermore, although the standard electrode potential of zinc is below that of hydrogen, zinc has a large overpotential for hydrogen evolution reaction, which means zinc electrodes can work at lower potentials than the lower limit of the potential window of aqueous electrolytes. 2 However, not only zinc electrodes, but also metal negative electrodes have a few stumbling blocks in the drive for utilization as a rechargeable negative electrode; one of the most serious problems is so called "dendrite formation". 3, 4 In the charging process of zinc-air batteries, zinc ions are electrochemically reduced, and needle-like or dendrite precipitate of zinc metal form on the electrode surface. This dendrite growth of zinc metals should be prevented, since it would cause the loss in discharge capacities and, at worst, the internal short-circuit when the dendrites grow up to the opposite positive electrode. In order to avoid the dendrite growth of zinc metals, organic additives such as surfactants into the electrolytes and oxide additives into the zinc electrodes were reported to be effective. 58 However, organic surfactants would be oxidized on the cathode, and incorporated oxide additives would decrease the discharge capacities as compared with bare zinc electrodes. 9 Therefore, alternative approach is required to alleviate the dendrite growth of zinc metals for the achievement of rechargeable batteries.
In the present study, we focused on an anion-exchange ionomer (AEI), which consists of a hydrocarbon polymer backbone and quaternized-amine functional groups, and has high ion conductivities selectively for anions such as hydroxide ions. We aimed to alter the electrochemical behaviors of zinc electrodes by modifying the surface of zinc electrodes with AEI. To the best of our knowledge, this is the first report to mitigate the dendrite formation of zinc electrodes by anion-exchange ionomers.
Experimental
Ionomer-modified ZnO electrodes were prepared as follows. At first, a mixture consisting of ZnO powder (GR, Nacalai Tesque), polyvinylidene difluoride (PVdF, KF polymer, Kureha), carbon black (AB-6, Denki Kagaku Kogyo), carbon fiber (VGCF, Showa Denko), and anion-exchange ionomer (AS-4, 5 wt% ionomer dispersed in 1-propanol, Tokuyama) 10 was prepared by mixing with a planetary ball milling (P-7, Fritsch). This slurry consisted of ZnO, binder, carbon, and ionomer with a ratio of 65:15:7:13, respectively. Ionomer-modified ZnO electrodes (hereafter abbreviated AEImodified ZnO) were fabricated by casting this slurry on a Cu foil, followed by drying and roll-pressing. In addition, an aliquot of ionomer solution (130 µL of AS-4 solution) was casted on the electrode surface by a spin coater for more complete modification with ionomer. As a reference, ZnO electrodes without ionomer were also prepared with a ratio of 75:17:8 (ZnO, PVdF, and carbon, respectively).
Electrochemical charge-discharge measurements were conducted in an aqueous solution of 4.0 mol dm ¹3 KOH saturated with ZnO at ambient temperature (25°C). Charge-discharge rate was set at 658 mA g ¹1 (corresponding to 1 C). All capacities reported hereafter are calculated based on the weight of ZnO. Characterization of charged electrodes was performed with scanning electron microscopy (SEM, Hitachi S-3000H) and X-ray diffraction (XRD, Rigaku RINT-2500).
To evaluate the permeation of zincate anions through the ionomer, a two-compartment cell, in the middle of which the AEI film was clipped, was used. One compartment was filled with ZnOsaturated 4.0 mol dm ¹3 KOH solution, while the other 4.0 mol dm
¹3
KOH solution. After a certain period, Zn concentrations in the KOH solution was analyzed with inductively coupled plasma (ICP) measurements. Figure 1 shows charge-discharge curves of (a) ZnO and (b) AEI-modified ZnO electrodes. ZnO electrode displayed discharge capacities of around 310 mAh g ¹1 at the 1st discharge, and its capacities increased up to 380 mAh g ¹1 with increasing the cycles mainly due to the enhancement of wettability between the electrode and the electrolyte. However, the charge-discharge efficiency was as low as 53%. In contrast, AEI-modified ZnO electrodes showed larger capacities to be around 550 mAh g ¹1 and higher chargedischarge efficiency of 85%. Therefore, it is found that the AEI modification effectively increased the discharge capacities and improved the charge-discharge efficiencies of ZnO electrodes.
Results and Discussion

Influence of ionomer modification on ZnO chargedischarge behaviors
Morphological changes after 10 cycles of charge-discharge processes can be seen in SEM images. Needle-like Zn metal was deposited on the electrode surface in the case of ZnO electrodes [ Fig. 2(a) ]. This implies that the local current concentration (nonuniform current distribution) occurred on the electrode surfaces, resulting in the formation of needle-like zinc metal after several charge-discharge cycles. 11 In contrast, granular Zn metal was uniformly observed on the surface in the case of AEI-modified ZnO electrodes [ Fig. 2(b) ]. Granular metal formation is preferable from the viewpoint of constructing secondary batteries, because of better current collecting and smaller volumetric change during charge-discharge cycles. Therefore, the improvement in discharge capacities and charge-discharge efficiencies could be caused by the morphological control of zinc electrodes by the modification with AEI.
Selective ion permeation through AEI
To investigate how the AEI modification prevented the dendrite formation, we prepared a Cu electrode only coated with AEI (i.e. without ZnO) and performed chronopotentiometry at a constant current density (4 mA cm ¹2 ). Figure 3 Fig. 3(b) ] shows only diffraction peaks ascribed to the Cu substrate. Therefore, it can be inferred that hydrogen evolution reaction only occurred instead of Zn reduction reaction, since AEI might prevent zincate anions from penetrating through the AEI film. This notion was confirmed by the results of ICP analysis. The concentrations of Zn ions passed through AEI films were summarized in Table 1 . The amount of passed zincate anions was as small as 7 ppm even after 2 days. Thus, it can be concluded that AEI film blocked the penetration of zincate anions and delivered only hydroxyl anions and water to the electrode surface. Vatsalarani et al. also realized similar effects using polyaniline. 12 We consider that these different penetration behaviors are due to the difference in the radii of [Zn(OH) 4 ] 2¹ and hydrated hydroxide ions (approximately 360 and 250 pm). 13, 14 However, it is possible for the ionomer modification to raise other factors except the selective ion permeation. Further experiments are required to clarify our notion of ion selectivity through AEI films caused by different ionic radii.
Next, we attempted to use AEI-modified ZnO electrodes in a KOH solution without ZnO. Generally, in ZnO-based batteries, a certain amount of ZnO needs to be added into the electrolyte solution in order to prevent ZnO active material from being dissolved into alkaline solutions. The dissolved zincate anions, however, might yield some negative influences on the capacities of zinc-air batteries. 1, 15 Therefore, it is preferable not to use ZnO in the electrolytes. In Fig. 4 , cyclic voltammogram shows clearly the reduction and oxidation currents of the ZnO electrode. And, potential profiles display that the AEI-modified ZnO electrode was successfully charged and discharged even in the alkaline solution without being saturated with ZnO, although less discharge capacities than in ZnO-saturated electrolytes. These results exhibited that the AEI modification allows ZnO electrodes to function as a negative electrode material in the ZnO-free electrolytes. Further long-time charge-discharge measurements are now under consideration.
In the present study, we demonstrated that the selective ion permeation through the AEI film resulted in the high efficient charge Electrochemistry, 80(10), 725727 (2012) and discharge performance of ZnO electrodes. Based on the above results, the influence of AEI modification can be considered as follows. During the discharging processes, the AEI film hindered the transport of zincate anions from the vicinity of zinc electrodes, and formed a region of condensed zincate anions. Then, the excess amount of [Zn(OH) 4 ] 2¹ was precipitated as ZnO on the electrode surface. In contrast, during the charging processes, Zn was reductively formed from the condensed zincate anions, and the consumed zincate anions were reproduced from ZnO, which mitigated the Zn dendrite formation.
Conclusions
We prepared the AEI-modified zinc electrodes and performed electrochemical charge-discharge measurements. Charge-discharge profiles exhibited that AEI-modified ZnO electrodes showed better discharge capacities and charge/discharge efficiencies than bare ZnO electrodes. SEM images show that the AEI modification suppressed the dendrite formation even after several charge and discharge cycles. It is found that the AEI films possessed the predominant selectivity in ion permeation that hindered the permeation of zincate anions [Zn(OH) 4 ]
2¹
. Therefore, we concluded that the AEI modification is an effective way to suppress the dendrite growth of zinc electrodes for zinc-air secondary batteries. Electrochemistry, 80(10), 725727 (2012)
